Abstract Alloy-type Sn-Pt/C electrocatalysts with the desired Pt/Sn = 3.0 ratio have been prepared by controlled surface reactions using home-made 20 wt% Pt/C (20Pt/C) catalysts with different Pt dispersion. Reaction conditions were found for the preparation of highly dispersed 20Pt/C catalysts by a modified NaBH 4 -assisted ethylene glycol reduction method using ethanol as a solvent. It has been demonstrated that the increase of the heating time in ethanol up to 2 h results in decreasing dispersion of Pt. Upon using highly dispersed 20Pt/C catalyst, the exclusive incorporation of Sn onto the Pt sites was achieved resulting in the exclusive formation of the Pt-Sn alloy phase. According to in situ XPS studies, the pre-treatment of the air exposed catalyst in H 2 even at 170°C resulted in the complete reduction of the ionic tin to Sn 0 , suggesting alloy formation. In contrast, the catalyst with lower Pt dispersion cannot be completely reduced even at 350°C, as 10% of tin still remains in the form of Sn 4? surface species. The electrocatalytic performance of both Sn-20Pt/C catalysts in the CO electrooxidation and the oxygen reduction reaction is superior to that of the parent 20Pt/C catalysts. Our data obtained for the oxygen reduction indicate that the small size of the bimetallic nanoparticles in the highly dispersed Sn-20Pt/C catalyst, along with their optimal surface composition, result in increased activity compared to the catalyst with lower dispersion.
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Introduction
Polymer electrolyte membrane fuel cells (PEMFC) offer a very promising solution for environmentally sustainable electric power generation in mobile applications. A major challenge in PEMFC development is the choice of the cathode and anode electrocatalysts, which usually consist of platinum supported on carbon. The Pt/C system is, however, prone to corrosion at high potentials occurring during rapid load change conditions, and sensitive to poisoning by CO, which is a common low-level impurity of the hydrogen fuel. As a result, electrocatalysts with acceptable lifetime can only be manufactured with very high Pt loadings. Therefore, a main development goal is to find electrocatalysts with reduced Pt content, enhanced long term stability under the operating conditions and affordable price. The CO tolerance of the anode electrocatalysts also has to be improved, as CO adsorbs very strongly on Pt, blocking the active sites for the hydrogen oxidation reaction and causing a large decrease in the electrode performance. In order to reduce this poisoning issue, a common approach consists of the utilization of a second oxophilic metal such as Ru, Mo, Ni or Sn [1] [2] [3] [4] [5] , which are less noble than Pt and thus activate water at lower potential leading to accelerated CO 2 formation rates (the so-called ''bifunctional mechanism''). Moreover, the activity of bimetallic catalysts may be further modulated by the ''electronic (ligand) effect'', i.e., the modification of the electronic interaction between Pt and the CO adsorbate. The oxofillic dopant may also hinder dissolution or sintering, which is necessary for maintaining the long term activity of the catalyst.
Pt-Sn bulk alloys are among the most studied binary systems for fuel cell applications [6, 7] . However, SnO 2 often exists on the surface of Sn-containing catalysts, which results in the oxidation of the surface of bimetallic nanoparticles. SnO 2 has good corrosion resistance in acidic media and thus is expected to be stable under the working conditions of PEMFCs [8] . In Ref. [9] it has been proposed that during the oxygen reduction reaction (ORR) the SnO 2 nano-islands decorating the Pt 3 Sn alloy core nanoparticle surfaces may suppress the over-oxidation of the Pt surface sites and moreover, based on the stability of the SnO 2 , would protect the Pt and/or Pt 3 Sn core nanoparticles from dissolution.
The exclusive formation of supported Pt-Sn alloy phases with different Pt/Sn ratios can be achieved by using Controlled Surface Reactions (CSRs) between hydrogen adsorbed on Pt sites and tetraethyltin (Sn(C 2 H 5 ) 4 ) [10] . The basic reactions of the CSR method are the following:
PtH ads þ Sn C 2 H 5 ð Þ 4 ! PtÀSn C 2 H 5 ð Þ ð4ÀxÞ þxC 2 H 6 ð1Þ
The use of the above two-step CSR method guarantees the exclusive introduction of tin onto platinum, i.e. the suppression of Sn-support interaction. In the case of the Pt-Sn system, the net result is the exclusive formation of Sn-Pt alloy phases [11] . Based on CSRs, a new method was developed for the preparation of different types of supported E x -M y (E = Sn, Ge; M = Pt, Pd, Rh, Ru) catalysts with the exclusive formation of metal-metal interaction and high E/M ratios [12] [13] [14] . Catalysts prepared in this way showed unique properties in a variety of reactions (CO oxidation, naphtha reforming, selective hydrogenation and dehydrogenation of organic compounds [15] [16] [17] [18] [19] ).
Our results demonstrate [20] [21] [22] that upon using CSRs, tin anchoring onto the parent 40 wt% Pt/C resulted in an alloy-type Sn-Pt/C catalysts, which were highly active in both the electrooxidation reactions of CO and C 1 -C 2 alcohols. In these studies, a clear correlation between the Pt 3 Sn alloy phase content and the electrocatalytic performance has been established. It has been shown that the optimal balance between the Pt/Sn ratio, the amount of the fcc Pt 3 Sn alloy phase and the metal particle size are responsible for the activity increase in both the CO and alcohol electrooxidation [20] [21] [22] .
In this work, electrocatalysts were prepared by modifying home-made 20 wt% Pt/C (20Pt/C) parent catalysts of different dispersion. The effect of the Pt dispersion on the structure of the modified catalysts was explored. The activity of the catalysts was compared in both the CO electrooxidation reaction and the ORR.
Experimental Materials
The organometallic compound (tetraethyltin, Sn(C 2 H 5 ) 4 ), platinum precursor (H 2 PtCl 6 Á6H 2 O) and solvents (n-decane and n-hexane) were used as received (Sigma-Aldrich). Ethylene glycol, NaBH 4 , absolute ethanol, isopropanol, H 2 SO 4 and HCl (37 wt%) were purchased from Molar Chemicals.
Synthesis of home-made 20 wt% Pt/C electrocatalysts 20 wt% Pt/C (20Pt/C) catalysts were prepared by a modified NaBH 4 -assisted ethylene glycol reduction method using active carbon as a support (CABOT, Black Pearls 2000, 1475 m 2 g -1 ) and ethanol as a solvent. It should be noted that in Ref. [23] ethylene glycol (EG) was used as a solvent for Pt precursor.
When preparing of a small quantity of the catalysts (''S'' type: small batch), 166 mg of the H 2 PtCl 6 was dissolved in absolute ethanol (25 ml) and 200 mg of the support material was suspended in the solution. Upon increasing the temperature up to 65°C, the time of the Pt precursor and active carbon stirring in ethanol was varied from short (0.5 h) to prolonged (2 h). Hereupon a solution prepared by the reaction of NaBH 4 (590 mg) and EG (7.4 ml) was added dropwise to the suspension at 65°C with stirring. After 3 h of stirring at 65°C, 15 ml 0.5 M HCl was added to the suspension and stirred for an additional 2.5 h at room temperature to deposit the Pt particles onto the support material. The material was washed with water (18.2 MX cm) by centrifugation and dried at 80°C overnight. Upscaling of the preparation of the catalysts (''B'' type: big batch) was also attempted, during which the quantities of all components used for the synthesis have been doubled. Preparation details are listed in Table 1 .
Synthesis of Sn modified Pt/C catalysts
Three home-made 20 wt% Pt/C catalysts were modified with Sn(C 2 H 5 ) 4 by CSR in order to obtain electrocatalysts with Pt/Sn = 3.0 ratio. Reaction 1 was performed in a 40 ml stainless steel autoclave at 170°C and P H2 = 5 bar using five consecutive tin anchoring periods. The steps of the modification process are described in recent publications [21, 22] ; for the convenience of the reader, they are also outlined in the Supplementary Material.
After the surface modification, the catalysts have been treated in hydrogen atmosphere by temperature programmed reduction (TPR). The final temperature (T red ) applied during TPR (Reaction 2) was 250 or 350°C.
Physicochemical characterization
All electrocatalysts were characterized by XRD, TEM, EDS and XPS.
In situ X-ray diffraction (XRD) experiments were carried out by a Philips model PW 3710 based PW 1050 Bragg-Brentano parafocusing goniometer in a heatable sample holder as described in the Supplementary Material section. The scans were evaluated with profile fitting methods. The cell parameters of the crystalline phases were determined from the fitted d-values. Crystallite sizes were calculated from reflection line broadening using the Scherrer equation. Transmission electron microscopy (TEM) studies of the samples were made by use of a FEI Morgagni 268D type transmission electron microscope (accelerating voltage: 100 kV, W-filament). The fresh samples were prepared by grinding and dispersing of the resulted powder in ethanol using an ultrasonic bath. The obtained suspension was dipped onto a carbon coated copper grid. The average diameter was calculated by measuring the diameters of no fewer than 600-700 randomly selected metal particles from the non-aggregated areas in at least tree micrographs of each sample.
X-ray photoelectron spectroscopy (XPS) measurements were carried out using an EA 125 electron spectrometer manufactured by OMICRON Nanotechnology GmbH (Germany) operated in the constant analyzer energy mode with 30 eV pass energy resulting in a spectral resolution of 1 eV. The photoelectrons were excited by Mg K a (1253.6 eV) radiation. The samples were first analyzed in the ''as received'' state. The next measurement was made after reduction in the high pressure cell of the spectrometer in 300 mbar H 2 at different temperatures for 2 h. Binding energies were referenced to the main component of the C 1s spectrum of the support (graphite at 284.4 eV binding energy). Data were processed using the CasaXPS software package [24] by fitting the spectra with Gaussian-Lorentzian product peaks after removing a Shirley or linear background. Nominal surface compositions were calculated using the XPS MultiQuant software package [25, 26] , with the assumption of homogeneous depth distribution for all components. Chemical states were identified by XPS databases [27, 28] .
Electrochemical characterization
The Sn-Pt/C electrocatalysts were investigated by means of cyclic voltammetry (CV) and adsorbed CO (CO ad ) stripping technique in conventional three-electrode electrochemical glass cell using a Biologic SP150 potentiostat and the EC-LAB software package. The working electrode was prepared by supporting the electrocatalysts on a glassy carbon (GC) electrode (d = 0.3 cm, geometric surface area A = 0.0707 cm 2 ). Before each test, the glassy carbon disc was polished with 0.05 lm alumina to obtain a mirror finish, followed by ultrasonic cleaning in water (18.2 MX cm), isopropanol and again water to remove any traces of organic impurities.
The samples under study were deposited onto the glassy carbon by means of a catalyst ink. 2 mg of the electrocatalyst, 0.4 ml of isopropanol, 1.592 ml of water (18.2 MX cm) and 8 ll of Nafion solution (DuPont TM Nafion Ò PFSA Polymer Dispersions DE 520) were dispersed in an ultrasonic bath for 45 min, resulting in a homogeneous ink. After ultrasonic dispersion, a 3.6 ll aliquot was dropped over the glassy carbon surface and dried in air leading to a homogeneous coating. Pt was used as counter electrode. The reference electrode was a reversible hydrogen electrode (RHE). The applied electrolyte was 0.5 M H 2 SO 4 . Prior to the measurements, the electrode was activated by potential cycling 10 times in the range 50 and 1000 mV (vs. RHE) at a scan rate of 100 mV s -1 . After the activation procedure, cyclic voltammetric measurements were done in the potential range of 50-1000 mV (vs. RHE) at a scan rate of 10 mV s -1 .
The amount of CO ad over the catalysts has been measured by CO stripping voltammetry in 0.5 M H 2 SO 4 . Gaseous CO was fed into the cell for 30 min while maintaining the electrode potential constant at 50 mV. After CO removal from the solution (Ar purge for 30 min), the working electrode was subjected to a cyclic voltammetric measurement at a 10 mV s -1 scan rate between 50 and 1000 mV. The amount of adsorbed CO was evaluated by integration of the CO stripping peak.
The electrochemically active Pt surface area (ECSA) values were calculated from the charge associated with a CO monolayer adsorbed onto the Pt nanoparticles (ECSA CO , using the assumption that oxidation of a full monolayer of linearly adsorbed CO requires 420 lC cm -2 ) and from the hydrogen adsorption/desorption region (ECSA H ) observed on the CVs. For ECSA H calculations a charge of 210 lC cm -2 is widely accepted and used [29] . The catalytic activity of the catalyst samples was tested in oxygen reduction reaction (ORR) by the rotating disk electrode (RDE) technique in O 2 saturated 0.5 M H 2 SO 4 solution at ambient temperature and pressure. GC electrode of 5 mm diameter (geometric surface area: 0.196 cm 2 ) was used in these measurements. 10 ll catalyst ink was dropped on the freshly polished GC electrode which resulted in about 10 lg cm -2 Pt loading. Polarization curves were recorded by sweeping the potential between 300 and 1000 mV with 10 mV s -1 sweep rate, rotating the electrode at 225, 400, 625, 900 and 1225 rpm. Data were obtained from the negative scans. In order to characterize the surface state of the catalysts before and after the RDE measurements, 10 CVs between 50 and 1000 mV potential limits in Ar saturated electrolyte were also measured.
Relative errors were calculated as the standard deviation of at least three independent measurements. The protocol of the electrochemical measurements was previously tested on commercially available standard 20 wt% Pt/C electrocatalyst (Quintech, C-20-Pt) with respect to the specifications from the manufacturer.
Results and discussion
Preparation of 20 wt% Pt/C electrocatalysts Upon the preparation of home-made Pt/C catalysts, the aim was (i) to adapt the method for using ethanol as a solvent and (ii) to scale up the amount of the catalyst prepared in one portion. It should be noted that increase of the reduction temperature from room temperature to 65°C permits to decrease the overall reaction time. One of the relevant experimental variables is the duration of this reduction. TEM images of the home-made 20 wt% Pt/C catalysts reduced for 2 h and 0.5 h are depicted in Fig. 1 along with histograms displaying the particle size distribution. Preparation conditions and properties of the home-made 20 wt% Pt/C catalysts are presented in Table 1 .
The results show that the duration of heating to 65°C before the addition of the NaBH 4 and EG mixture has a crucial effect on the morphology of the metal deposits. As emerges from Table 1 , prolonged stirring of the Pt precursor and active carbon in ethanol at 65°C before the addition of the mixture of EG with NaBH 4 has a negative influence on the dispersion of the Pt nanoparticles.
It is known that EG as a solvent, reducing agent and stabilizer has received great attention. In obtaining metal particles with narrow size distribution, its stabilizer function is especially important. Glycolate produced from the EG by oxidation interacts with the metal nanoparticles and inhibits their coalescence. As a result, well-dispersed Pt-based electrocatalysts, with narrow particle-size distribution are obtained without any additional stabilizers [30] . Upon using the modified NaBH 4 -assisted EG reduction method, Pt is reduced using the complex produced by mixing EG with NaBH 4 (Na ? B -(OCH 2 CH 2 OH) 4 [31, 32] ). It has been reported [31, 32] that the reducing strength of this complex is stronger than that of ethylene glycol, and as a result, the Pt precursor can be completely reduced even at room temperature. Furthermore, this complex, as a stabilizer, has bulky characteristics and a strong affinity for Pt nanoparticles. The fast reduction along with the stabilizing effect ensures the formation of very small Pt nanoparticles with a narrow particle-size distribution.
According to the literature [33] [34] [35] [36] [37] , at elevated temperature, ethanol itself is able to reduce Pt-group metals. Thus, during a long annealing period in ethanol, Pt has enough time to nucleate in the absence of the stabilizing agent, resulting in uncontrolled particle growth. Even the possibility of homogeneous nucleation cannot be ruled out. The raspberry-like features may be the results of a liquid phase nucleation process accompanied by incomplete coalescence, probably encouraged by the subsequent fast reduction upon the addition of EG and NaBH 4 . This was a reason that upon the preparation of the 20Pt/C (S-0.5) catalyst, the time of the heating of the ethanol solution containing Pt precursor and carbon support before NaBH 4 and EG mixture addition was minimized to 0.5 h. As emerges from Table 1 , this catalyst has the smallest size of the Pt nanoparticles. The uniform distribution of spherical Pt particles with a mean diameter of (2.0 ± 1.1) nm was verified via TEM imaging (Fig. 1b) .
According to the TEM results, the morphology of the 20Pt/C (S-2) (image not shown) and the 20Pt/C (B-2) (Fig. 1a) catalysts is essentially identical, thus upscaling does not alter the properties of the Pt particles. As emerges from Table 1 , in both cases, prolonged stirring (2 h) of Pt precursor and carbon support in ethanol solution at 65°C results in an increase of the size of the Pt nanoparticles. The TEM image (see Fig. 1a ) reveals that some of the small Pt particles are separated while a significant portion of them are included in raspberry-like agglomerates.
The electrochemical behavior of the Pt/C electrocatalysts prior to the modification by Sn was determined in cyclic voltammetry and CO ad stripping (see Fig. S1 in the Supplementary Material, Sect. 3). As can be seen from Table 1 , the onset potential (E CO,onset ) for the oxidation of CO on the home-made Pt/C catalysts was about 615-625 mV with the main CO ad stripping peak maximum (E CO,max ) at about 765-785 mV.
According to literature data, CO stripping voltammetry provides a fingerprint of the particle size distribution and the extent of particle agglomeration in carbonsupported Pt catalysts [38] . The presence of two electrooxidation peaks at 760 and 840 mV in Pt-based catalysts was ascribed by Maillard et al. [39] to the CO oxidation on Pt nanoparticles with different sizes and structures (the peaks at 840 and 760 mV were related to small isolated single crystalline Pt nanoparticles and Pt agglomerates, respectively [38] ). The enhanced catalytic activity of Pt agglomerates composed of interconnected nm-sized metal grains was ascribed to high concentration of surface defects in Ref. [38] . A similar tendency was observed in the present study. The electrochemical CO monolayer oxidation is influenced by the size of Pt nanoparticles: the smaller the particle size, the higher the reaction overpotential (see Table 1 ), while the shape of the CO oxidation peak (Fig. S1 B in the Supplementary Material) reflects the morphological differences between the catalysts.
As presented in Table 1 , the best electrochemical performance in CO ad stripping was observed on the 20Pt/C (S-0.5) catalyst. As can be seen from Fig. S1 and Table 1 , the behavior of the 20Pt/C (S-2) and the 20Pt/C (B-2) electrocatalysts was quite similar. Based on both TEM and electrochemical characterization results, it can be concluded that preparation of the double amount of the 20Pt/C catalyst was successfully done.
Modification of home-made 20 wt% Pt/C catalysts with tetraethyltin
In our earlier study, it has been demonstrated [21] that upon the modification of the high-load Pt catalysts with tin, the application of the consecutive anchoring reactions using lower initial tetraethyltin concentration was recommended. Moreover, the use of extremely high SnR 4 concentration should be avoided, as it can lead to a concentration gradient of the anchored modifier [40] . The use of consecutive reaction steps avoids any inhomogeneity of the modifier over the metallic particles. Experimental results related to tin anchoring onto the parent 20Pt/C catalysts are summarized in Table 2 . Considering the increased number of the surface functional groups of the Black Pearls 2000 carbon support, five tin anchoring steps were used. Microstructure of the Sn-20Pt/C electrocatalysts TEM images and histograms of particle size distribution for the Sn-modified systems based on the two types of home-made parent catalysts are presented in Fig. 2 . As shown in Fig. 2 and Table 2 , the modification of home-made 20Pt/C monometallic catalysts with tin results in some increase of the size of bimetallic particles and the increase is more pronounced on the catalysts with lower Pt dispersion (images for 20Pt/C (S-2) and 20Pt/C (B-2) are essentially identical). As shown in Fig. 2a , the raspberry-like Pt agglomerates, observed in Fig. 1a , coalesce into large islands upon tin introduction.
It is necessary to mention that catalysts supported on functionalized carbon could not tolerate high-temperature thermal treatment due to the instability of surface oxygen groups of the support [41, 42] . It has been reported [43] that the strong (e.g. carboxylic, anhydride groups) and weak acid groups (e.g. lactone, phenol, carbonyl groups) decomposed at 273 and 407°C, respectively. Even if these surface groups help in ensuring the high dispersion of Pt during the low temperature preparation, their sensitivity to the annealing temperature negatively influences the final dispersion of metallic Pt and its resistance to sintering if the preparation of the catalyst requires annealing at elevated temperatures. In this respect, the dispersion of metallic platinum and resistance to sintering are strongly affected by the T red applied in Reaction 2. Even upon reduction at 250°C, some part of the stronger acid groups can be decomposed. Thus, catalysts with enhanced resistance against sintering can be obtained if the density of the temperature sensitive functional groups is limited, thus upon preparation of the home-made 20Pt/C parent catalysts we used ''as received'' Black Pearls 2000 carbon (without any additional functionalization treatment).
The influence of the high-temperature treatment in hydrogen on the nanoparticles size was demonstrated on the Sn-20Pt/C (B-2) catalyst (see Table 2 ). The Sn-20Pt/C (B-2) catalyst was studied after tin anchoring Reaction 1 (without TPR) and after reduction at 250°C for 2 h. As shown in Table 2 the reduction of catalyst at T red = 250°C results in the minor decrease of the bimetallic nanoparticles size. In our previous study [21] , reversible interconversion of PtSn $ Sn 4? ? Pt in the presence of O 2 and H 2 was convincingly demonstrated by in situ XPS studies. In air stored samples, some part of tin (in SnO x form) is located on the platinum-support interface, but after high-temperature reduction, all tin (as Sn 0 ) is alloyed with Pt, thus the decrease of the size of bimetallic nanoparticles is reasonable.
We demonstrated earlier [21] that the increase of the T red from 250 up to 350°C results in an increase of the average crystallite size of the bimetallic nanoparticles. Based on these observations, the influence of two final temperature of the H 2 treatment (T red = 250 and 350°C) on the size of the nanoparticles of the Sn-20Pt/C (S-0.5) sample was also studied (see Table 2 ). As shown in Table 2 , upon increasing temperature from 250 up to 350°C during the treatment of the Sn-20Pt/ C (S-0.5) catalyst, some minor increase of the bimetallic particles size was also observed, but this increase was not as pronounced as previously observed for the Snmodified commercial 40 wt% Pt/C (Quintech) in Ref. [21] .
SEM and EDS analysis (Fig. S2 in the Supplementary Material) of different regions of the Sn-20Pt/C (S-2) catalyst sample reveals the coexistence of Sn and Pt particles with Pt content of 22.6 ± 1.4 wt% and Sn content of 3.8 ± 0.6 wt% of Sn, which agrees closely with expected values (Pt = 20 wt% and Sn = 4 wt%). The Pt/ Sn atomic ratio is 3, which agrees well with the nominal Pt/Sn atomic ratio. No evidence of Sn segregation was seen.
XRD studies of the Sn-20Pt/C (S-0.5) electrocatalyst
It is well known that upon increasing tin content, the lattice parameter changes linearly from 3.9231 Å for pure Pt (PDF#04-0802) to 4.0015 Å for Pt 3 Sn alloy (PDF#35-1360). Thus, the incorporation of tin into the fcc structure of platinum results in shift of the peaks to lower 2h values [20] . The Sn-modified 20Pt/C (S-0.5) catalyst was studied after treatment in H 2 at T red = 350°C by ex situ and in situ XRD techniques (see Table 3 and Supplementary Material, Sect. 5). Considering the small particle size and narrow particle size distribution, and noting that we were unable to detect the superlattice reflections for this sample, we have decided to use a single-phase model in the evaluation of the XRD data, instead of assuming the coexistence of a Pt-rich fcc solid solution and Pt 3 Sn [21] .
As shown in Table 3 , the lattice parameter value (a = 3.936 Å ) obtained after the ex situ reduction at 350°C was quite close to the lattice parameter of the saturated Pt 90 Sn 10 solid solution phase (3.934 Å ) [44] . In situ XRD experiments reveal the gradual shift of the (Sn)-Pt (111) reflection towards lower angles as the reduction temperature is increased, indicating the dissolution of Sn into the bulk of the Pt particles at elevated reduction temperatures (Fig. S3 in the Supplementary Material). Reflections assignable to Sn oxides were not found. However, since it is well established that under oxidizing conditions, Sn tends to segregate to the surface of the alloy particles, where it transforms into an oxide form [45, 46] and considering that the single phase model suggests the presence of a Pt-rich solid solution phase with much less Sn content than the Pt/Sn = 3 ratio established by EDS, the presence of highly dispersed SnO x in an ''X-ray amorphous'' form is expected.
A slight difference observed in the average crystallite size after the ex situ and in situ treatments are in good agreement with our in situ XPS results demonstrating the reversible interconversion of the ionic SnO x forms located on the platinumsupport interface into the Pt-Sn alloy phase in the presence of H 2 , thus decreasing the size of bimetallic nanoparticles. a Before XRD measurement the sample was reduced at 350°C for 2 h using TPR technique and stored in air b The Pt particle size of the parent 20Pt/C (S-0.5) catalyst: 2.0 ± 1.1 nm (determined by TEM)
XPS analysis of the Sn-20Pt/C electrocatalysts XPS was used to assess the surface composition of the Sn-20Pt/C electrocatalysts investigated in this study. After the modification of the parent catalysts in hydrogen atmosphere, all tin is in Sn 0 state, existing probably in the form of ad-atoms and/or in a form of Sn-Pt alloy phases [21] . However, contact of the samples with air during washing, drying and storage results in oxidation of some part of tin (or even platinum) in the Sn-Pt/C catalysts [21] . Accordingly, to get information about the reduction behavior of the catalysts, in situ reduction experiments were also carried out in the high pressure chamber of the electron spectrometer, during which air exposure was excluded. Table 4 contains the compositional and chemical state data for the samples in the as received state and after reductive treatments in 300 mbar H 2 for 2 h at the indicated temperatures.
In identifying the chemical states of tin, in addition to the binding energy of the Sn 3d 5/2 peak, the kinetic energy of the Sn M 4 N 45 N 45 Auger transition was also considered (see Fig. 3 ).
Accordingly, the Sn 3d 5/2 peak of SnO 2 arises at a binding energy of 487.1 eV and the well-defined, narrow M 4 N 45 N 45 Auger peak is at 431.6 eV; their sum, the so called modified Auger parameter, which is a sensitive probe for the ionic state of Sn, is at 918.7 eV. In bulk metallic tin, the 3d 5 [47, 48] . On the other hand, charge transfer from Pt to the intimately coupled SnO x cannot be ruled out. Nevertheless, the observed shift of the Sn 3d 5/2 peak to lower binding energy is characteristic for the oxidized Sn-Pt alloy particles [49] . Pt is mostly metallic with a small amount of Pt 2? ions. In weight percent, this sample contains 14 wt% of Pt and 4 wt% of Sn. The Pt/Sn atomic ratio is around 2.2 (see Table 4 ).
The as received state of sample Sn-20Pt/C (S-2) is very similar. The only differences are that no metallic Sn contribution can be detected and the apparent metal content calculated from the photoelectron peak intensities is notably smaller. In weight percent, this sample contains 11 wt% of Pt and 3 wt% of Sn; the Pt/Sn ratio is exactly 2.
In the case of sample Sn-20Pt/C (S-0.5), the first in situ reduction step was carried out at room temperature (RT). After exposure to 300 mbar H 2 at room temperature for 2 h, the Pt becomes fully metallic and about 60% of the tin content was reduced to Sn 0 showing a Sn 3d 5/2 binding energy of 485.3 eV. This value is somewhat high for bulk metallic Sn (485.0 eV or below), but corresponds well to 5 eV) is still compatible with a metallic environment. The shift from the bulk metallic value is again an indication of Sn-Pt alloy formation. The Pt/Sn atomic ratio slightly increased to around 2.5. The smaller than expected Pt/Sn ratio indicates that metallic tin still remains a surface species. According to the literature, the surface segregation of tin in Pt-Sn alloys is a known property [50, 51] . The nature of the segregation seems to be also related to the Pt particle size [52] . As it is shown in Fig. 3 , the contribution from oxidized tin after RT reduction shifts to a binding energy characteristic for SnO 2 , suggesting that the intimate coupling between tin oxide and Pt became destroyed during reduction. The next reduction step of the sample Sn-20Pt/C (S-0.5) was carried out at 170°C, after which the tin content is fully metallic, suggesting alloy formation and the intended Pt/Sn ratio of 3.0 can be measured.
Apart from a decrease of the oxygen content, no significant change was observed upon reduction at 350°C.
The Sn-20Pt/C (S-2) sample was first reduced at 200°C. As it turns out both from Table 4 and Fig. 3 , this treatment does not result in the complete reduction of the tin content, in contrast to what was seen for the Sn-20Pt/C (S-0.5) sample. While the major Sn 3d 5/2 contribution appears at 485.4 eV binding energy (characteristic for alloyed tin), a minor peak at 487.0 eV shows the presence of Sn 4? species (see Fig. 3 ). As the result of the simultaneous presence of highly oxidized and reduced Sn species, the Sn M 4 N 45 N 45 Auger line becomes particularly broad and featureless (see Fig. 3 ). The incomplete reduction of tin is also reflected by the presence of a metal-oxide related O 1s contribution. At the same time, Pt becomes fully metallic. The Pt/Sn (atomic) ratio is around 2.3, i.e. the apparent Sn content decreased a little, indicating the less segregated nature of Sn in the reduced system. Reduction at 250°C in 300 mbar H 2 for 2 h results only in a minor decrease of the oxidized tin contribution, accompanied by a slight increase of the Pt/Sn ratio to 2.4. Even reduction at 350°C is not enough for removing the oxidized forms of tin, as essentially unchanged composition and chemical state data were obtained.
Considering the electron microscope results, the surprisingly low metal content measured by XPS for the Sn-20Pt/C (S-2) sample is the result of the low dispersion of Pt. If the metal content is present in features significantly larger than roughly 10 nm, atoms in the inside of those particles become inaccessible for XPS. The resulting apparent metal concentration will therefore be lower than the actual value determined by less surface specific techniques.
At the same time, the non-reducible tin species can probably be imagined as SnO 2 particles in the immediate vicinity of the Pt-Sn alloy particles, which, however, are less strongly coupled to the Pt-containing features. The presence of Sn atoms with only Sn neighbors (Sn islands) in the Sn-20Pt/C catalysts can be a reason of the existence of tin in a form of unreducible SnO 2 phase even after reduction at 350°C. Our results on Sn-20Pt/C (S-0.5) or Sn-modified commercial Pt/C (Quintech) catalysts [21] demonstrate that all tin atoms which are in the close vicinity to Pt can be easily reduced to metallic state. Consequently, in the Sn-20Pt/C (S-2) catalyst, the presence of different types of surface Sn atoms can be expected: Sn with Pt neighbors and Sn with only Sn neighbors (Sn islands). The low dispersion of Pt and the presence of the Pt raspberry-like agglomerates in the parent catalyst can be a reason for some part of tin appearing on the platinum-support interface. These Sn species may fill the space between the Pt particles included in agglomerates.
Based on the XPS results obtained on two types of Sn-modified catalysts with different dispersion, the schematic view of the transformation of various forms of tin after different treatments was shown in Scheme 1.
Electrochemical performance of the Sn-20Pt/C electrocatalysts
In Fig. 4 , cyclic (left panels) and CO ads stripping (right panels) voltammograms obtained on the three home-made parent 20Pt/C catalysts with different Pt dispersion (S-2, B-2 and S-0.5) and the corresponding Sn-modified counterparts are presented.
All Pt/C electrocatalysts (short dashed lines) have characteristic hydrogen adsorption/desorption features in the range between 0.05 \ E \ 0.4 V and enlarged double layer region, which is related to the big surface area and the increased number of the surface functional groups of the carbon support. As shown in Fig. 4 the double-layer region signal obtained on all tin-modified samples was almost identical to that of parent 20Pt/C catalysts. The CVs of the tin-modified samples without (solid lines) or after (dotted or dashed lines) TPR showed a rather suppressed hydrogen adsorption/desorption region. A site-blocking effect caused by tin segregation is a reason for the pronounced decrease of H 2 adsorption/desorption, as XPS revealed a segregated tin-oxide layer on all Sn-Pt samples after air exposure. As can be seen from Fig. S4A of the Supplementary Material, this siteblocking effect is more pronounced in the case of catalysts containing raspberry-like Pt agglomerates (S-2 and B-2), where XPS data indicate the presence of surface SnO 2 even after reduction at elevated temperatures.
The SnO x species responsible for site blocking can be, at least to some extent, removed during subsequent CV scans, as demonstrated in Fig S5 of the Supplementary Material. After ten polarization cycles, regardless of the parent catalysts dispersion, the dissolution of SnO 2 formed upon exposition to air was almost stopped and, thus, the surface composition of the catalysts was stabilized. Considering the different dispersion of Pt and the presence of difficultly reducible SnO 2 in the S-2 and B-2 samples, it is not surprising that the highest electrochemically active Pt surface area (ECSA H ) data calculated from hydrogen desorption peaks were obtained for the Sn-Pt/C (S-0.5) sample.
As seen from the right panels of Fig. 4 , a strong promotion of the CO oxidation process was observed on all Sn-modified samples when compared to the parent 20Pt/C catalysts. The onset potential (E CO,onset ) for the oxidation of CO on the Sn20Pt/C catalysts was about 195-210 mV (see Table 2 ; Fig. 4) .
A promotional effect of SnO 2 in Sn-Pt/C electrocatalysts provided by the close proximity/contact of SnO 2 with Pt 3 Sn alloy nanoparticles has been already demonstrated for the oxidation reaction of H 2 , CO and H 2 /CO mixtures [7, 53] as Scheme 1 Proposed model of the presence of various forms of tin in Sn-20Pt/C catalysts with different platinum dispersion: a after tin anchoring reaction at 170°C using P H2 = 5 bar; b after air exposition at room temperature for 2 h; c after in situ H 2 treatment of air stored samples at T red C 170°C. Modification of the home-made 20Pt/C catalysts containing highly dispersed separated Pt particles (left) and raspberry-like Pt agglomerates (right) with SnEt 4 by CSRs. Experimental evidences have been found supporting both (I) and (II) reaction pathways well as for the oxygen reduction reaction (ORR) [9] . It is well known [21] that these reactions are promoted by tin due to the formation of adsorbed OH ad species at less positive potentials on Sn than on Pt.
ECSA CO values were also calculated from the CO-stripping measurements (see Table 2 ). As emerges from Table 2 , the decrease of the ECSA CO values were observed after tin introduction onto the parent catalysts. It is necessary to mention that a challenge for the surface area determination is the appropriate choice of the integration limits and the subtraction of background currents [29] . As shown in Figs. 4b and S4B of the Supplementary Material, the presence of increased amount of surface SnO 2 in Sn-modified catalysts with lower Pt dispersion (S-2 and B-2) results in an ill-defined shape of the CO-stripping curves with difficultly defined integration limits, therefore the corresponding ECSA CO values cannot be calculated precisely. A site-blocking effect caused by more pronounced SnO 2 segregation observed in these catalysts comparing to highly dispersed Sn-Pt/C (S-0.5) catalysts (see Scheme 1) results in a more significant decrease of the electrochemically active Pt surface area and, thus, in the overall decrease of the activity in the CO electrooxidation.
The unique increase of the Pt-Sn(oxidized)/C catalyst ORR performance [9] was ascribed to a promoting effect of SnO 2 nano-islands segregated on the surface of Pt 3 Sn core nanoparticles. In Ref. [9] , a Pt-Sn(oxidized)/C catalyst was prepared by oxidation of the reduced carbon supported Pt-Sn alloy in a flow of 20% O 2 in N 2 at 300°C for 15 min. Based on the XPS results demonstrating the presence of difficultly reducible SnO 2 in our Sn-modified 20Pt/C catalysts with lower Pt dispersion (S-2 and B-2) in close proximity/contact with Pt-Sn alloy phase, an increased catalytic activity and stability of these catalysts in ORR can be expected. Moreover, the presence of the surface SnO x in all our air exposed Sn-modified catalysts was also demonstrated by the XPS and electrochemical results. Thus, upon studying Sn-modified catalysts with different Pt dispersion, the influence of the SnO 2 of various origins existing in close contact with Pt-Sn alloy phase on the performance in the ORR can be compared.
The catalytic activities of the catalyst samples were tested in the ORR by RDE technique in O 2 saturated 0.5 M H 2 SO 4 solution at ambient temperature and pressure. Potential dynamic polarization curves (not shown) were obtained in oxygen saturated 0.5 M H 2 SO 4 on RDE at different rotation speeds for all catalyst samples studied. A linear relationship was obtained between the square root of the rotation speed and the current density considering the current values corresponding to 300 mV potential. However, according to the Koutechky-Levic representation of the data, the electrode reaction in all cases was under mixed kinetic-diffusion control at this potential.
In order to compare the catalysts, mass specific current densities are depicted in Fig. 5 . Oxygen reduction currents are normalized to the platinum content of the catalysts. The interpretation of the results of RDE measurements on electocatalysts with large surface area and disperse surface has to be carried out cautiously [54, 55] . Nevertheless, in our case, catalyst samples with similar composition and structure were investigated applying the same procedure and electrode preparation technique and the RDE results may contribute to the qualitative description and comparison the catalysts.
As shown in Figs. 4 and S5, upon modification with tin, the electrochemically active Pt surface area of the catalysts decreased. At the same time, the Pt mass specific current densities of the ORR are significantly higher on all Sn-modified catalysts presented in Fig. 5 compared to the corresponding parent 20Pt/C catalysts (see curves 1 and 4 in Fig. 5 ) in the mixed kinetic-diffusion controlled region.
A marked difference has been found between the two groups of parent catalysts considering the onset potential of the ORR. As can be seen in Fig. 5 , the j vs. E curves of 20Pt/C (S-0.5) and the two Sn-modified version of this parent catalyst show very similar behavior. Current densities on these samples in the kinetically controlled regime are significantly higher compared to the parent Pt/C (B-2) (curve 1 in Fig. 5 ) and Sn-modified S-2 and B-2 catalysts used without high-temperature reduction (see curves 2 and 3 in Fig. 5 ).
It is necessary to mention that reduction of the Sn-20Pt/C (B-2) catalyst at T red = 250°C results in significant increase in the mass specific current density (see curve 5 in Fig. 5) . Thus, the activity of this catalyst becomes comparable with the activity of the highly dispersed Sn-20Pt/C (S-0.5) sample used without TPR (see curve 6 in Fig. 5 ). It is important to note that in the case of the Sn-20Pt/C (S-0.5) catalyst, the activity in the ORR was only slightly affected by the treatment applied after tin anchoring Reaction 1 (compare curves 6 and 7 in Fig. 5 ; the polarization curve obtained on the sample treated at T red = 250°C (not shown) was similar to the curve 7).
As shown in Fig. 5 (compare curves 3 and 5), the reduction of the Sn-20Pt/C (B-2) catalyst after tin anchoring Reaction 1 at T red = 250°C results in pronounced current density increase. It can be proposed that the observed decrease of the bimetallic nanoparticles size (see Table 2 ), accompanied by a decrease of the tin content on the platinum-support interface in this sample possibly leads to a Sn-Pt catalyst with optimal balance between SnO 2 nanoparticles and Pt 3 Sn alloy phase.
In additional experiments, the influence of the oxidative treatment used in Ref. [9] on the behavior of this catalyst in ORR was also studied. After reduction at T red = 250°C, the Sn-20Pt/C (B-2) sample was purged with nitrogen and then the catalyst was exposed to air at T ox = 250°C for 15 min. We found that the hightemperature oxidation of the Sn-Pt/C catalysts prepared by CSRs has a negative influence on the ORR activity: the onset potential was shifted towards cathodic direction by 150 mV with respect to the parent Pt/C (B-2) (not shown). The current density value was the lowest comparing to other Sn-modified catalysts studied. Moreover, the electrochemically active Pt surface area drastically decreased.
On the basis of the RDE measurements, it can be concluded that highly dispersed Sn-20Pt/C (S-0.5) catalysts, which in accordance with the XPS results and contain exclusively Pt-Sn alloy phases with Pt/Sn = 3 after reduction, are the most promising in the ORR among the investigated samples.
Conclusions
In this contribution, home-made 20Pt/C catalysts with different Pt dispersion were used for the preparation of alloy-type Sn-Pt/C electrocatalysts with the desired Pt/ Sn = 3.0 ratio by CSRs. Foremost, highly dispersed and stable Pt nanoparticles supported on active carbon (Black Pearls 2000) were prepared by a modified NaBH 4 -assisted EG reduction method using ethanol as a solvent. Restricting the heating time of the ethanol solution containing the Pt precursor and carbon support before the addition of the NaBH 4 and EG mixture to 0.5 h (S-0.5 catalyst type) was found to increase the metal dispersion. On the contrary, increasing the time of heating in ethanol up to 2 h results in a 20Pt/C catalysts with broad particle size distribution containing Pt particles ranging from small separated Pt clusters to Pt nanoparticles included in raspberry-like agglomerates (S-2 and B-2 catalysts type).
According to in situ XPS and in situ XRD studies upon using the highly dispersed 20Pt/C (S-0.5) catalyst, the exclusive incorporation of Sn onto the Pt sites was achieved resulting in the exclusive formation of Pt-Sn alloy phase. No evidence of the presence of SnO 2 phase was found by the XRD and EDS analysis. In contrast to the highly dispersed Sn-20Pt/C (S-0.5) catalyst, the reductive treatment of Sn-20Pt/ C (S-2) catalyst with low Pt dispersion at 350°C does not result in complete reduction of the tin content. The major form of tin was attributed to the metallic Sn associated with Pt, while 10% of tin was present in a form of Sn 4? surface species. The electrocatalytic performance of the novel catalysts was tested in the CO oxidation and the ORR. Increased CO tolerance for all Sn-modified Pt/C catalysts compared to the parent 20Pt/C was demonstrated. The electrocatalytic performance of Sn-20Pt/C in the ORR is superior to that of the parent 20Pt/C catalysts. The small size of the bimetallic nanoparticles and the optimal surface composition of the Sn20Pt/C (S-0.5) catalyst was responsible for an increased activity in the ORR. Hightemperature reductive treatment applied after tin anchoring Reaction 2 resulted in a subsequent increase of the ORR activity.
